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- FOREWORD

This document presents the work accomplished under .
Contract NAS8-20230, Modification 2, DCN 17-75-20109, 'Study
of Drag Coefficients for Unusual Vehicle Configurations, Modifi-
cation 2." The work was performed by the Thermal Environment
Section of Lockheed's Huntsville Research & Engineering Center
for the Aero-Astrodynamic Laboratory of Marshall Space Flight

Center.

The NASA Technical Supervisors for this study were Messrs.

- J. O. Ballance and J. D. Johnson of R-AERO-AE, and R. F. Elkin

of R-AERO-AT.
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SUMMARY

Lockheed's Huntsville Research & Engineering Center developed a
computer program which determines aerodynamic coefficients for complex
vehicle configurations. Modifications were made which are related to deter-
mining the shading effects on the aerodynamic coefficients and the type of

surfaces available for input.

The shading technique consists of dividing each surface on the vehicle
into small incremental areas, each of which is checked to determine if the
oncoming flow, represented by a velocity vector, intersects another surface
on the vehicle before it reaches the incremental area being checked (i.e., is
the incremental area shaded ?). If the incremental area is not shaded its

contribution to the aerodynamic coefficients for the surface is calculated.

When the vehicle is represented by a large number of surfaces and
incremental areas, the computer time required to determine the shading
effects can be excessive, A pre-shade routine was developed and incorpo-
rated into the program to determine all those surfaces which cannot shade
any portion of the surface under consideration. The ''no shade' surfaces are

then excluded from the checks made on the incremental areas. Computer

time saved by this routine can be as much as 30% for some problem types.

A description of the shading and pre-shade techniques is included in
this report as well as an input guide for the modified computer program and
a description of the program's output. A sample problem is included with a

listing of the input data and portions of the output.
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NOMENCLATURE

coefficients of the equation for the conic shape
coefficients defined by set of Equations (25)

unit vectors in the individual body coordinate system
unit vectors in the composite body coordinate system

direction cosines between the test cylinder and com-
posite coordinate system as defined by set of Equa~
tions (31), (32) and (33), respectively

unit vector normal to elemental area

vector location of a point on a surface in composite
coordinates

coefficients defined by set of Equations (24)

magnitude of radius measured from the centerline
of the body to the elemental area

vector location of a point in individual coordinate
system

vector from origin of composite system to the origin
of the individual system

body surface gradient

matrix to transform from individual to composite
coordinate systems

matrix to transform from composite to individual
coordinate system

unit vector in the direction of molecular velocity

vi
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o B min’ B max

Ymin’ ymax

ta ns P

é, ¥,
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Nomenclature (Continued)

vehicle angle of attack

dimensions defined for each type of surface as shown
in Figure 1

vehicle angle of roll

coefficients defined by Equations (21), (22) and (23),
respectively

scale factor used to determine whether or not an
element is shaded

angle of integration around conic shape

Eulerian angles between the individual and composite
coordinate system as shown in Figure 2.

vii
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Section 1
INTRODUCTION

Lockheed Missiles & Space Company, Huntsville Research & Engineering
Center (Lockheed/Huntsville) conducted a study to determine the aerodynamic
characteristics of orbital vehicles in the continuum, transition and free-
molecular flow regimes. As a part of this study, a large computer program
was developed to be used to determine the force and moment coefficients
for any vehicle or vehicle cluster at any angle of attack, roll or combination
of both. Within this program, vehicle clusters are analyzed by treating each
composite part of the shape as a separate body, accounting for interface re-
actions and mutual molecular shadowihg, and summing the separate results,
Aerodynamic forces are computed in the free molecule flow regime using
diffuse free molecule theory and in the continuum flow regime using modified
Newtonian theory, For the transition flow regime, an empirical relation was

used which was developed to approximate experimental data (see Reference 1).

Under Modification 2 to this contract, Lockheed/Huntsville developed a
version of the computer program mentioned above. Modifications to this
program consisted of: (1) increasing the number of types of shapes available;
(2) modifying the existing shading techniques to make it applicable to new
types of shapes; (3) increasing program accuracy; and (4) adding a preshade
subroutine which will scan all surfaces and eliminate from further checking
those which cannot shade any portion of the surface under consideration in

order to reduce computer run time,

Shading techniques used in the modified computer program are docu-

mented. Input data requirements and program output are described and a

sample problem presented.

Reference 1 contains a description of the techniques used in calculating

the aerodynamic force and moment coefficients.
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Section 2
DESCRIPTION OF SURFACE TYPES (GEOMETRY)

2.1 TYPES OF SURFACES

The program can evaluate shading for the following surface types:

Rectangular plates
Circular plates
Trapezoidal plates
Cylinders

Cone or cone frustums

Spheres#*

Circular paraboloids*

The types of surfaces and their dimensions in the individual coordinate

systems are shown in Figure 1, pages 3, 4 and 5.

2.2 COORDINATE SYSTEMS

Complex vehicle and vehicle clusters are resolved into a series of sur-
faces of the types mentioned above, Each surface is described in its own

coordinate system which is designated as '"individual coordinate system."

The reference system of the vehicle or vehicle cluster to which all individual

coordinate systems are referenced, is called the central coordinate system.

Since the individual coordinate system is fixed in space and time with respect
to the central coordinate system, a transformation exists, which is invariant

with time, that relates the surface to the central coordinate system,

The computer program presently does not have the capability for calculating
the aerodynamic force and moment coefficients for spheres or circular
paraboloids.
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Figure 1 — Input Surface Types (Sheet 1)
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Surface Type + 7 Circular Paraboloid
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Figure 1 - Input Surface Types (Sheet 3)
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. The relation between the individual coordinate and the central coordinate

system is given by the following transformation matrix and translational vector

defined as

[ Tizc ]

where

and where R_, RV, R, ¢,V and o are given in Figure 2.

1t

el

cos¢ cos¢
~-sing cosy
siny

L.
xi

!Yi m

m .n .
X1l X1

yi tyi

sing cosw - cos¢ sinY sinw

cos@g cosw + sing sinY sinw

cosy sinw

-sing sinw - cos@ siny cosw

- cos¢ sinw + sinY sin¢ cosw

cosY cosw

(1)

(2)

(3)

(4)

(5)
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AN
%
0

W

X

Figure 2 — Relative Position of Individual Coordinate System with Reépect
to Central Coordinate System

The orientation of each individual coordinate system is specified by three
angles @, Yand w. These angles define three coordinate rotations that rotate
the central coordinates (Xc’ Yc’ Zc) into the surface coordinates (X3, Y3, ZS)'

The rotations are in the direction X ,Y ,Z — X_,Y,,Z., and must be
c ¢ c 3’73’73

carried out in the strictorder ¢, then (/’, then ®, as follows:

¢ rotation: Rotate Yc toward XC about Zc obtaining Xl’ YI’Zl

system
Y rotation: Rotate X, toward Z, about Y, obtaining X,,Y,, Z, system

o rotation: Rotate Y obtaining X3, Y3, Z3 system.

toward Z2 about X2

2
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2.3 FLAT SURFACES

" The three flat surfaces, rectangular plate, circular plate and trape-

zoidal plate, are described by a unit vector normal to the surface in the in-

1

Ivrq - 11 " £t 17 11 1
dividual coordinate system and by thg "Bmin s Bmax and yrnin’ Ymax
limitations described in Figure 1.
The normal to the surface is given by
— = ™~ - hres - 6
n, + i + { i X Ji} (6)

and a point P on the surface given in individual coordinate system is trans-

formed to the central coordinate system by the following relation

c Xi | Rx
P=|v | = [TiZC] v,| + | B, : (7)
a R
C 4

2.4 CONIC SURFACES

The conic surfaces consist of the four remaining surfaces, the cylinder,

the cone or cone frustum, the sphere and the circular paraboloid.

Figure 3 — Example of Conic Surface

8
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Any point, P, in the individual coordinate system is described by the vector
equation

P=X.i,+Y.j. +2, k, (8)

A point constrained to lie on the surface will satisfy the relation

S, (X, Y,Z,)=0 9
and where
ro= (%2412 (10)
and
X, = r, sing_ (11)
Y, =1, Qos¢o . (12)

All conic surfaces can be expressed mathematically by
r. -{(a+bZ, + cZ.Z)l/2 =0
i i i

for values of ”Zi" for the cylinder, cone or cone frustum and circular para-
boloid given by

Bmin < Z; £ Bma.x

and for the sphere given by

o cos(f ) < Z. < acos( )

min’ ~ i
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The constants a, b and c take on the following values depending on

the type of surface:

cylinder 1b=0

cone or cone frustum<{ b=0

o
1"
(v
Y
B
Q

sphere \ b=20

c= -1

a=0
circular paraboleid 1 b=4a

c=0

.

A unit vector normal to the surface at a point P, is defined by

Vs.
- i _ o - 0 - 3 -
Vs, ~ (axi S;y + 7Y, S;d; * CE S; ki>

n

where

10
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which for the conic equation reduces to

[ (b+2czi)]
- . sm¢0 1i+cos¢o iy + 7 Zri ki (13)
V5]
where
b-i-.?.cZ:.l 2
. IVSll = -——2';:—-—— +1

Similar to the flat surfaces, a point, P, can be given in the central co-

ordinate system as

— X 7 - X.7] TR
(o4 1 X
P = Y, = [Tizc:] Y|+ Ry (14)
» Zc - | Z1_ __Rz_

2.5 METHOD OF INTEGRATION

The method of integration of each surface is done as follows: (1) the
surface is divided into an arbitrary number of elemental areas; (2) the center
of area of the elemental area in the individual coordinate system is deter-
mined; and (3) the surface normal at this point, assuming the absolute value
of the elemental area to be concentrated at the center of area, is evaluated.
The integration of the conic surfaces takes place along the "Zi" direction be-
tween the limits of "B __ . " and "B " and around the body between the limit

min max o
of "Y . "and"? " in arbitrary step sizes. In the case of a rectangular
min max
flat plate, integration takes place in rectangular strips, while in the case of
a circular plate, integration takes place in circular strips and for a trape-
zoidal plate, the integration is performed by summing trapezoidal elements,
the integration being performed between the limits of ' rnin“ and "B "

max’
and 1" 'y . 1] and 13 y .H
min max

11
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The arbitrary integration step size is left to the discretion of the user.
The smaller the elemental areas, the more accurate the integration process

and the longer the computer run time,

12
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Section 3
SHADOWING

To calculate the forces on a given element, it is necessary to de-
termine whether the elemental area presents itself to the flow, or whether
the velocity flow vector intersects any other surface before it intersects
the elemental area, In other words, whether or not the element is shaded

must be determined,
An elemental area can be shaded in two ways:

® The elemental area is located on the back node of a body
(opposite from the flow direction), or

e One or more surfaces are between the velocity flow vector
and the elemental area.

The first case is easily checked. Since the normal to the elemental
area has been calculated in the individual coordinate system, and since the
velocity flow vector is given in the central coordinate system, a dot produét
is sufficient to determine if the elemental area does not present itself to the
flow, (see Figure 4 on next page). If the elemental area does not present
itself to the flow then,

v_ ; [Tizc]g?x’i > 0 (15)

That is, if the angle between the velocity vector and the normal vector is
between +90° and -90°, the centroid of the element is on the surface side
away from the flow. If the above test shows that the element is shadowed,

no further test is necessary and forces can be calculated accordingly. How-
ever, if the test shows that the element presehts itself to the flow, additional
checks must be made to determine if the element is shadowed by another

surface,
13
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Z
/a \
7 : Ymin
vc ,é/ Ymax
—— i —— Y/ — s vtimse i v
3 s Y
max /7

% A,

/{ i
Bm:i.n 0 Y

X

Figure 4 - Example of Dot Product

This check is somewhat more complex than the preceding check; however,

it is still a straightforward vector operation. The method is discussed in the

following paragraphs.

In Figure 5 an elemental area in the '"i'" system is set up by the inte-

gration routine. It is desired to know whether the elemental area is shadowed

by some other surface from the given velocity flow vector.

14
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—

N

i\-“—\.

Figure 5 - Vector Operation Diagram for Shading Check

—

From the figure it can be seen that the vector R is given by

R =[T,] {Ec;Zi * [Tiza R, + AV - EcZi'}

15
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where

T S N
x1 yi zi
] - 1 1 1 1
[TCZi:l = mey Wy My (17
n.! n.! n.
xi yi zi _|
Vc = Vx i + VY Je + Vz kc (18)
Y = v 3 B B ! 3o
RcZi' Rx i + RY Je +Rz kc (19)
and where "A" is a scale factor, which is the variable to be determined,
It can then be said that if there exists a value of A which will produce a
1
point in the "i ' system which satisfies the equation of the surface in
the "i'" system, the elemental area is shaded by this surface. If no
1
real value exists then the element is not shaded by the i surface.
By vector manipulation, the following vector equation in the unknown
"A" is obtained:
R Ac]]d rc,]y rc]
R=[R, + Ac] +[R2+ CZJJ + Ry + c;|
| (20)
where if we define
¢ =R_ -Rx' +‘exi Xi+mxi Yi+nxi Zi | (21)
n = Ry - Ry' + lyi Xi + myi Yi + nyi Zi (22)
P=R -R ' +4 .X.+m .Y.+n .Z. ~ (23)
Z 4 zZ1 1 _Zl 1 zZ1l 1

16
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then the constants R

1’ R,, Rg, Cl’ CZ’ C3 can be represented as
Ry=hy' 4" ntly' e ]
Ry =m §A+ mogt ntmytp ! (24)
R, = nxit f +nyi' n+ nzil p ]
Cp=4,"V_+ zyi' Vet h'v, ]
C, = mxi' VX + myi, VY + mzi' VZ > (25)
Cz=ny' V +n ' Vo +n 1V, |

The solution of the vector equation for the unknown "A'" is very simple when

the intersecting surface is a flat plate.

If the vector is to intersect a flat surface, then the following equation

has to be satisfied
R3 + A C3 = a
for which "A'' can be solved

A= (a- R3)/C3 (26)

] L —e
With this value of "A" the i and j components of R can be evaluated and
tested to see whether they lie within the limits of the plate, i.e., for a rec-

tangular plate
min — 71 1 — ymax

< RZ+ ACZ < Bmax

17
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in order for it to intersect vector R and cause shading on the element of the

surface being tested.

If the intersecting surface is a conic, the solution of the vector equa-
] 1 !
tion for the unknown "A' is obtained by substituting the i, j and k com-

ponents of R into the general conic equation

12 '2)1/2

r=(x2+y '2)1/2

1
=(a+bz +cz

This substitution will yield a quadratic equation in "A" and the solution is
given by
2
A= -(ZR1 C1+2R2C2-bC3) + { (?.R1 C1+2R C be3)

2 72

+4(c,%+c,%-ccy? [Rlz +R,% - a + (bte) R_,]}l/z

2 2 2
1+ G -e g - (27)

If the values of "A" are real and negative there is a possibility of two
points of intersection. If the roots are real, negative and equal there is a
possibility of one point of intersection. If the roots are either real, positive
or imaginary or if the denominator

2 2 2

C,o+C, " -cCy%=0 (28)

no intersection is possible.
1 1 1 -
If the intersection is possible then the i, j and k components of R

are evaluated with the "A" values obtained and tested to see whether they lie

within the limits of the conic surface.

18
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Section 4
PRESHADE

Since the Aerodynamic Coefficient Computer Program scanned all
surfaces for checking the shading on a given surface, and did not eliminate
from further checking those surfaces which cannot shade any portion of the
surface under consideration, a preshade routine was developed. An input
flag is used first to indicate if a given surface can be shaded and if it can
shade other surfaces for each given flow., The preshade routine flags the
surfaces that have been input as “can shade'" if they cannot shade any
portion of the surface for which the aerodynamic forces are being calculated.
The flagged surfaces are eliminated from the more complex shading checks

which are made on each element, thus reducing the required computer time,

The preshade routine consists of constructing a cylinder around the
surface that can be shaded with a radius that will enclose the whole surface.
The ends of this cylinder will be perpendicular to the flow and the length
will be from the origin of each individual coordinate system of the surface

being tested to the outermost surface presented to the oncoming flow. The

radius of the test cylinder depends on the type of surface that it encloses.

The free molecular flow is described by an angle of attack, o and
angle of roll, Bo The unit velocity vector has three components in the

XC-YC-ZC directions, respectively, given by
V_ = sino._ cosf
x o o
VY = sina sinBo (30)

V_ = cosa
Z o

19
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The unit normal to the ends of the cylinder is given by the negative of the
unit flow vector.

The test cylinder coordinate system is then described with respect to
the central coordinate system by defining its direction cosines as a function

of the angle of attack, a and the angle of roll, Bo

X
c

A

sing

1 h " cosa
cosa cosO a/

sina cos®9

v

C

Figure 6 ~ Relation Between Test Cylinder Coordinate System and Central
Coordinate System

20
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By substituting the relations of the angle of attack “ao“ and roll "B
into the frigonometric relations derived from the figure, the direction co-

sines, (see Figure 5, previous page) were found to be

_ .2 2. \1/2 N
1xt_(1-s1n o cos Bo)

L2 . . 2 2. .1/2
1yt = -sin” o sinB _ cosBo/(l - sin"a_ cos"B ) > (31)

s s 2 2 1/2
lzt = -sina  cosa cosBo/(l - sin "« cos {30) J

mxt =0 A
m_, = -cosa_/(1 - sin’a coszﬁ )1/2 (32)

vt o o o (

. . . 2 2. .1/2
m,, = sina_ smBo/(l - sin"a_ cos™B ) J
— 3 \

nxt = -smao cos{?,o
nyt = -sina smﬁo . (33)
n, = -cosa_ )

The above direction cosines are not valid for the following combination of
angles of attack and roll

21
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a = 90° B = 0°
a = 90°, B, = 180°
a, =270°% p_= 0°

° 180°

Q
1}
[\
-3
(=]

w
o
n

for which the direction cosines become trivial. The direction cosines de-
fine the transformation matrix between the central coordinate system and

test cylinder system.

After the test cylinder is defined, a circle is constructed around the
surface that can cause shading and is transformed to the test cylinder coordi-
nate system such that the circle lies parallel to the Xt—Yt plane. The circle
is constructed around the surface and on the extreme point of the surface
which presents itself first to the oncoming flow. The point is tested to see
if its axial component lies in the positive axial direction of the test cylinder
coordinate system. If it does, then the sum of the radius of the test cylinder
and the radius of the cylinder around the surface that can shade has to be
greater than the distance between the origins of these two cylinders in the
plane perpendicular to the flow (Figure 6) in order to cause shading on the
surface being tested for that particular combination of angles of attack and
roll.

It can be noted from Figure 6 that

rytr, < d circles are outside and have no point in cornmon
r, +r,=d circles are outside and have one point in common

.

r. +r, >d circles are either partially or totally inside

22
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The last condition indicates that the surface has a possibility of shading the

surface around which the test cylinder was constructed.

YtA

»p X

1/2

d = {(x, -xl)2 + (v, -Y1)2§

Figure 7 - Preshade Test Cylinders (flow perpendicular to the Xth plane)

23
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PROGRAM DESCRIPTION

5.1 INPUT PROCEDURE

Limitations are presently placed on the inputs in the modified version

of the program described in this report. The following inputs are allowable:

e Fifty (50) separate problems in one program run

e One-hundred (100) maximum subshapes per vehicle

cluster

e One-hundred (100) combinations of angle of attack

and roll

e Ten (10) maximum altitudes input with each problem

e Unlimited amount of elements on each subshape
(Limited only by computer run time ).

No specific unit is required for the inputs, however all dimensions used

must be consistent with type of unit selected.

The inputs to the program are:

Variable
Card Columns Format Name

1 1-72 12A6 COMMNT
2 1-5 15 NUMBER
6-10 15 IANGLE

24

Description

A comment used for problem
identification.

Number of subshapes.

Number of combinations of angle
of attack and roll. ‘



Variable
Card Columns Format Name
11-15 15 NOALTS
16 -25 F10.5 RREF
26 -35 F10.5 XI
36 - 45 F10.5 DI
3% 21-30 F10.5 SR(JET)
41 -50 F10.5 TEMRAT(JET)
61 - 80 F20.9 ALAMDA(JET)
4%*% 1.5 15 ISURFN(I)
6-10 15 IDSURF(I)
11-15 15 NVB(I)

*One card for each altitude.

Sk
One card for each surface.

dokok
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Desc rigtion

Number of altitudes

Reference radius for the area
on which the coefficients are based

Length of the vehicle

Characteristic diameter of the
vehicle

Molecular speed ratio

Kinetic temperature ratio

Mean free path of the molecules
Surface identification number. This
number is printed out with the data

and is used to identify surfaces with
a vehicle drawing

Identify the type of subshape, i.e.,
+1 rectangular plate

+2 = circular plate

+3 = trapezoidal plate

+4 = cylinder

+5 = cone or cone frustum
+6 = sphereik*

+7 = circular paraboloid***

NOTE: + sign for outside surface
- sign for inside surface

Number of element divisions along
the described Beta direction of the
surface, between the Beta limits
according to the type of surface (see
Figure 1)

These surface types are currently not available,

25



Variable
Card Columns Format Name
16 -20 I5 NVG(I)
21 -25 15 NB(I)
26 - 30 I5 NG(1)
31-40 E10.6 A(D)
41 -50 E10.6 BMIN(I)
51 - 60 E10.6 BMAX(I)
61 -70 E10.6 GMIN(1)
71 -80 E10.6 GMAX(I)
5  21-30 E10.6 RX(I)
31 -40 E10.6 RY(I)
41 - 50 E10.6 RZ (1)

%
One card for each surface.

26
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Description

Number of element divisions along
the described Gamma direction of
the surface, between the Gamma
limits according to the type of sur-
face (see Figure 1)

Presently not used
Presently not used

Value of "o'' according to the type
of surface (see Figure 1)

Lower limit in the Beta direction
according to the type of surface
(see Figure 1)

Upper limit in the Beta direction
according to the type of surface
(see Figure 1)

Lower limit in the Gamma direc-
tion according to the type of sur-
face (see Figure 1)

Upper limit in the Gamma direc-
tion according to the type of sur-
face (see Figure 1)

The X location of the individual
coordinate system origin in the
central coordinate system (see
Figure 2)

The Y¢ location of the individual
coordinate system origin in the
central coordinate system (see
Figure 2)

The Z_ location of the individual
coordinate system origin in the
central coordinate system (see
Figure 2)
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Variable
Card Columns Format Name Description

51 -60 E10.6 PHI(I) The "¢'" angle between the indivi-
dual and central coordinate sys-
tem as defined in Figure 2

61-70 E10.6 PSI(I) The "Y' angle between the indivi-

" dual and central coordinate sys-
tem as defined in Figure 2

71-80 E10.6 OMEGA(I) The "w'" angle between the indivi-
dual and central coordinate sys-
tem as defined in Figure 2

6™ 1-20 E20.8 ALPHA(I) Angle of attack in the central
coordinate

21 -40 £20.8 BETA(I) Angle of roll in the central co-
ordinate’

4] - 45 15 NOSCS(I) Number of surfaces that can be
shaded for the given angle of
attack and roll

vl 1-2, 5-6, 12 NCBS(ISURF) Shading flag for each surface

9-10 1 = can be shaded

= cannot be shaded
3-4,7-8, I2 NCS(ISURF) Shading flag for each surface

11-12 1 = can shade

0 = cannot shade.

*One card for each combination of angle of attack and roll.

**Set of cards for all surfaces and a corresponding set for each combination
of angle of attack and roll.
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5.2 SAMPLE PROBLEM

In order to illustrate the output of this program and how it compares
with the version developed under Contract NAS8-20230, a sample case was
chosen identical to the one used in Reference 1. The sample case is shown
in Figure 8. Referring to Figure 8, the 11 bodies seen define the surface of
two inte rsécting cylinders with a cone frustum on the end of one and a triang-

ular shaped base on the other, Input data for the Sample Problem is shown
in Table 1.

5.3 SAMPLE OUTPUT

The example of Section 5.2 was input to the IBM 7094 computer using
the program described in this report. Several combinations of angle of attack
and roll were chosen, and two altitudes were input to exemplify portions of

the program utility. Samples of the data output are shown in Tables 2 and 3.

Table 2 is a sample of the detailed calculations which are performed
in determining the overall vehicle coefficients. These bits of datum are use-
ful for checking the accuracy of shadowing on the subshapes and for deter-
mining that inputs for the program accurately describe the object in the flow.

Free molecule data in this table relate to the first input altitude. Included in
the table are the following:

Headings e For each combination of ALPHA and
BETA input to the program, a similar
table of data is provided. The angles
ALPHA and BETA are printed at the
top of each table beside the characters
ANGLE OF ATTACK= and ANGLE OF
ROLL=, respectively.

NCBS e Shading flags are outputted for each
NCS : flow for checking purposes.

BODY NO. e Type of surface.

PERCENT NOT SHADOWED ® Percent of area not shaded.
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AREA
AREA NOT SHADOWED
"NO. OF ELEMENTS

NO. SHADOWED

NO. NOT SHADOWED

BODY

CAT
CNT
CYT

CDT

CMP
CMY
CMR
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Total surface area.
Surface area not shaded.
Total number of elements on a surface.

Number of elements shaded on a sur-
face.

Number of elements not shaded on
a surface.

This column of numbers identifies
the rows of data in the table with the
surface subshapes of the complex
vehicle. For this sample, the num-
bers 1-11 correspond to the surface
subshapes as they are labeled in Fig-
ure 7.

Each column heading signifies that the
data below represent the cumulative
total of the force coefficient component
in the central directions Zg, X, and Y,
respectively, of the ""body-fixed" axis
system. Values on the left side of the
table were computed using existing
free molecule flow theory. Values on
the right side of the table were com-
puted according to the continuum flow
equation.

Cumulative force coefficient, drag, in -
the direction of flow. Each value is
computed from components of the three
columns which precede it. '

Each column heading signifies that
the data below represent the cumu-
lative total of the aerodynamic mo-
ment coefficient components. Using
the right-hand rule, the values are
positive about the central =Y., -X,
and -Z. axes, respectively, of the
"body-fixed" axis system. Values
on the left side of the table were
computed from the free molecule
force coefficients. Values on the
right side of the table were com-
puted from the continuum force
coefficients.
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PCT e This column indicates the percentage
of surface area that the program de-
termined was '""not shadowed" for each -
subshape. (Same as PERCENT NOT
SHADOWED.)

NO. OF ELE. - e This column indicates the total num-
ber of elements that were integrated

for each subshape area. (Same as
NO. OF ELEMENTS.)

PJ. AREA e Total surface area projected perpen-
dicular to flow.

JFLAG(ISURFN) e Flag that determines which surfaces
’ - have a possibility of causing shading
on the following body.

TOTAL AREA e Total surface area of all subshapes.
Notice that this may not be exact
surface area of the complex vehicle,
since it would include all the area for
two intersecting subshape surfaces.

TOT. NOT SHADOWED e Total surface area collided with by
particles in the flow at the indicated
orientation angles for the composite
vehicle.

PROJECTED AREA e Total projected area of all surfaces.

Table 3 is a sample of the total aerodynamic coefficients for the vehicle.
Tables are provided for each altitude. This sample illustrates the totals for
several combinations of angle of attack and roll, and two altitudes. The flow
regimes are indicated by the Knudsen numbers shown for each row of data.
Thus, this illustration contains coefficients in the free molecule flow regime
and in the transition flow regime for the same vehicle orientation angles.

Included in the tables are the following:

Headings e TIor each altitude, a similar table is
provided. At the beginning of each
table, the altitude is indicated by an
integer which represents the order
in which the altitude control card was
input. For this example, ALTITUDE
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X1
DI

RREF

TRTI

LAMDA
ALPHA
BETA

CA
CN
(094

CD
CM

CN
CL

KNUDSEN NO.
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NUMBER 1 is 850 kilometers and
ALTITUDE NUMBER 2 is 100
kilometers.

Characteristic length of the vehicle
from which the Knudsen numbers
are computed.

Characteristic diameter of the vehicle
from which the Knudsen numbers are
computed.

Reference radius of a circular area
on which the aerodynamic coefficients
are based. :

Molecular speed ratio of the mean
molecular flow velocity to the cir-
cular orbit velocity for the particular
input altitude.

Temperature ratio of the reflected-
to-incident molecules for the particu-
lar input altitude.

Mean free path of molecules for the
particular input altitude.

Pitch angle of the vehicle in a wind
fixed plane.

Roll angle of the vehicle in a wind
fixed plane.

Total aerodynamic force coefficient
components in the composite direc-
tions Z ., X¢c and -Y., respectively,
of the “%ody-fixed" axis system.

Total drag coefficient of the vehicle.

Total moment coefficient components.
Using the right-hand rule, the values
are positive about the composite -Y,,
-X. and -Z. axes, respectively, of the
"body-fixed" axis system.

Knudsen number, which is an index
by which the flow regime is deter-
mined.
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